INTRODUCTION
The effective stress in a hydrocarbon reservoir typically increases during primary production of oil and gas or may decrease due to waterflooding. In both cases, the effective stress changes as a result of altering the pore fluid pressure. A high porosity and low induration makes the hydrocarbon reservoirs in chalk relatively susceptible to deformation when subjected to increasing effective stress. Compaction in the reservoir and subsidence at the surface may occur due to this deformation. This is a major challenge during production, as exemplified in the North Sea chalk fields (Hermansson and Gudmundsson, 1990; Kristiansen, 1998; Barkved and Kristiansen, 2005) .
The Valhall field is a mid-sized (167 million Sm 3 ) North Sea oil field at a depth of approximately 2400 meters true vertical depth subsea (TVDSS). The chalk is characterized by high overpressure, undersaturated oil and a high porosity. Typical porosity in this reservoir is 35% to 50% and typical matrix permeability is 1 to 10 mD, but presence of fractures increases overall permeability . The exceptionally high porosity was probably preserved in the chalk by early oil emplacement and an overpressure of approximately 20 MPa (Andersen 1995) . The stress condition at the beginning of oil production are listed in Table 1 . Due to production for more than 20 years, the overpressure has declined to 17 MPa (Tjetland et al., 2007) . Consequently, part of the reservoir has compacted and subsidence of the sea floor has reached more than 5 m and increases by 0.25 m/year . Geomechanics modeling related to stress and strain associated with this compaction is required for estimating the stability of wells and platform as well as for the selection of future well locations.
Compaction due to reduction of pore pressure is commonly seen in highly porous chalk reservoirs. Prediction of compaction could help designing production strategy. If 4D seismic data can be used for the prediction of pore pressure, it is possible to establish a realistic geomechanics model. However, pore pressure should be utilized in a proper way for more accurate compaction prediction.
We study the effect of pore pressure in terms of the effective stress, calculated by using the effective stress coefficient (Biot, 1941) . We measure static effective stress coefficient n from mechanical loading tests and compare with dynamic effective stress coefficient, α, calculated from elastic wave velocities. We further investigate which effective stress coefficient is relevant for rapid change in pore pressure as in the case of hydrocarbon production.
REVIEW OF THE EFFECTIVE STRESS COEFFICIENT Effective stress coefficient
The effective stress concept was originally introduced by Terzaghi (1923) as the difference between the overburden stress (from the weight of the sediments) σ v and pore pressure P p . From a rock mechanics view, pore pressure can be seen as working on the internal surface of the rock grains (Engstrøm, 1992 ). If we, as an example, consider stress in the vertical direction in chalk and focus on a single grain, then the pore pressure can only counteract the overburden stress on the part of the horizontal projection of the grain surface that are in contact with pore fluid. An increase in surface contact between the chalk grains will thus reduce the pore pressure influence on effective stress (Figure 3 of Fabricius, 2010) . Biot (1941) characterized this reduction by a coefficient, α. The effective stress is then ideally the difference between the total stress σ v and a fraction α of the pore pressure P p :
(1) Terzaghi (1923) studied loose granular sediments, where the contact area among the grain surfaces is negligible and consequently α is close to unity. Therefore, the differential overburden stress (σ v − P p ) is equal to the effective stress for these sediments. However, most rocks are cemented to some extent and therefore have more stable grain-to-grain contacts. It makes α less than unity. Due to deformation in a rock mechanics process, there is a possibility of increased or decreased grain contact (softening or hardening behavior). If this happens, the value of α will also change. For this reason, mechanical behavior of a rock should be affected by the changing coefficient α. Biot's (1941) theory was developed on the basis of linear elasticity and reversible strain. Therefore, the coefficient α is typically calculated from the density and velocity of ultrasonic sound wave propagation in dry rocks (Banthia et al., 1965, Todd and Simmons, 1972; Christensen and Wang, 1985; Mavko and Jizba, 1991; Prasad and Manghnani, 1997; Frempong et al., 2007; Mavko and Vanorio, 2010) ; which produces very small linear elastic strain. We denote it as dynamic effective stress coefficient and use the same symbol α as Biot (1941) because Biot's (1941) derivation is for a purely elastic system, which can only be calculated from dynamic measurements. The coefficient, α is calculated from dry bulk modulus K dry (modulus of the mineral frame) and bulk modulus of the mineral constituting the frame, K 0
For rocks containing practically only one mineral in the frame, K 0 can be assumed equal to the value for that mineral. For chalk, we assume calcite mineralogy (K 0 ¼ 75 GPa; citations in Mavko et al., 2009) . K dry is calculated from the compressional velocity V P and shear velocity V S as measured on the dry rock, as well as dry density ρ dry :
Based on laboratory measurements of stress dependent sonic velocity, several authors have noted that α is a function of stress (e.g., Banthia et al., 1965; Todd and Simmons, 1972; Christensen and Wang, 1985; Engstrøm, 1992; Frempong et al., 2007) although in the ideal case, α should be constant. Failure to satisfy the assumptions of Biot's (1941) theory, such as constant grain contact area and drainage condition could be reasons for nonconstant dynamic effective stress coefficient.
In a static case, the strain amplitude is higher than in the dynamic case and strain contains elastic and plastic components. Therefore, effective stress coefficient can be different for these two cases. We denote the effective stress coefficient for the static case with n.
Earlier studies
Theoretically the effective stress coefficient is extensively studied (e.g., Geertsma, 1957; Nur and Byerlee, 1971; Todd and Simmons, 1972; Carroll and Katsube, 1983; Mavko and Jizba, 1991; Berryman, 1992; Dvorkin and Nur, 1993; Gurevich, 2004; Ciz et al., 2008) . Pressure dependent dynamic effective stress coefficient α is measured by several authors (e.g., Banthia et al., 1965; Todd and Simmons, 1972; Christensen and Wang, 1985; Mavko and Jizba, 1991; Hornby, 1996; Prasad and Manghnani, 1997; Frempong et al., 2007; Mavko and Vanorio, 2010) . In addition, Geertsma (1957) , Nur and Byerlee (1971) , Frempong et al. (2007) as well as Omdal et al. (2009) design experimental setups and conduct mechanical tests to measure the static effective stress coefficient. Although most studies are made on sandstones, Banthia et al. (1965) study Austin chalk, and Omdal et al. (2009) study chalk from the Stevns outcrop in Denmark.
For the 20% porosity Austin chalk, Banthia et al. (1965) find that the dynamic effective stress coefficient varies from 0.70 to 0.60 in the differential stress range from 3.5 to 14 MPa. Omdal et al. (2009) define two different static effective stress coefficients from hydrostatic loading tests; the elastic and the plastic. The elastic effective stress coefficient they determined with an initial effective stress equal to 5 MPa and the plastic effective stress they determined with an initial effective stress equal to 15 MPa. For the >40% porosity water saturated Stevns chalk, they find that the elastic static effective stress coefficient varies from 0.60 to 0.80 in the differential Table 1 . Valhall field stress data (Andersen, 1995 stress range between 0 and 30 MPa. The plastic effective stress coefficient for the same chalk ranges between 0.75 and 0.60 in the same stress range. The most important aspect of their finding is the opposite trend of elastic and plastic effective stress coefficients. While the elastic effective stress coefficient increases with increasing effective stress, the plastic effective stress coefficient decreases (Omdal et al., 2009 ). Because the effective stress coefficient is described as a bulk property, most of its theoretical formulation and consequently the experimental determination is made under hydrostatic stress conditions (e.g., Nur and Byerlee, 1971; Carroll and Katsube, 1983; Dvorkin and Nur, 1993; Gurevich, 2004; Ciz et al., 2008; Mavko and Vanorio, 2010) . However, the stress geometry in the subsurface is most unlikely to be hydrostatic. The first experimental approach of determining the static effective stress coefficient is made by Geertsma (1957) . He describes that in a reservoir the prevailing boundary condition is a constant vertical boundary and the absence of rock bulk deformations in the horizontal directions. This indicates that a static effective stress coefficient determined for uniaxial confined stress (uniaxial deformation) conditions will be more relevant in a reservoir compaction study.
Effective stress relevant for rapid change in stress
Reservoir compaction is monitored by 4D seismic utilizing changes in sonic velocity and changing thickness of layers. To relate this deformation to changes in pore pressure, the effective stress coefficient must be known. So the question is whether we may use α calculated from well log data to estimate n? Numerous studies of elastic rock properties, such as Young's modulus, Poisson's ratio, bulk modulus, and shear modulus, show significant difference between static and dynamic elastic properties (Simmons and Brace, 1965; King, 1969; Cheng and Johnston, 1981; Montmayeur and Graves, 1985; Jizba and Nur, 1990; Tutuncu and Sharma, 1992; Tutuncu et al., 1994; Plona and Cook, 1995; Yale et al., 1995; Wang, 2000; Olsen et al., 2008a; Fjaer, 2009 ). Most authors point to microcracks as a major cause of the discrepancy. Other causes include strain amplitude (Simmons and Brace, 1965; Cheng and Johnston, 1981; Plona and Cook, 1995) , frequency (Simmons and Brace, 1965; Tutuncu and Sharma, 1992) , viscoelasticity (Tutuncu and Sharma, 1992) , inelasticity (Cheng and Johnston, 1981; Jizba and Nur, 1990) , and stress path (Montmayeur and Graves, 1985; Yale et al., 1995; Fjaer, 2009 ). Plona and Cook (1995) suggest that crack formation at grain contacts during mechanical loading could significantly deviate the static Young's modulus from the dynamic Young's modulus. Olsen et al. (2008a) suggest that the difference in drainage condition between a static and a dynamic experiment is a major source of difference between measured static and dynamic properties. They pointed out that the correct way of comparing dynamic and static Young's modulus for saturated samples is to compare dynamic Young's modulus to the undrained static Young's modulus.
Several authors have found that α may be different for different physical properties. Teufel and Warpinski (1990) find different effective stress coefficients for velocity and for permeability. Berryman (1992) derives a set of effective stress coefficients for different physical properties of rocks, such as porosity, permeability, electrical conductivity, pore volume compressibility, and bulk compressibility. However, the effective stress that is relevant for compaction and subsidence is the effective stress coefficient for strain. This static effective stress coefficient n ideally should be determined from rock mechanics tests designed on the basis of the theoretical definition of Biot (1941) .
All these studies suggest that the stress dependence of the static effective stress coefficient n must be established to use 4D seismic data for monitoring reservoir compaction and changes in pore pressure. In addition, an investigation on how this stress dependent n is related to α would allow estimation of n from logging data. If it is possible to establish the relationship between α and n, the prediction of pore pressure will become easier and more accurate.
DATA
Two 1-inch vertical plugs from the reservoir zone of Valhall field, North Sea are investigated for determining the static effective stress coefficient ( Table 2) . Plugs are cleaned for salt and hydrocarbons by soxhlet extraction. The samples are first refluxed by methanol to remove salts. Methanol is boiled at 110°C and the vapor is condensed by flowing water at 12°C. The absence of measurable chloride is checked by 0.03 M AgNO 3 after stopping the process for three days, while the samples in the flask are immersed in methanol. After removing salts, the samples go through toluene refluxing for hydrocarbon removal. Toluene is boiled at 64.5°C and the vapor is condensed by flowing water at 12°C. This process is continued until a clear toluene solution is found after interrupting the process for three days, with the samples immersed in toluene. Cleaned samples are dried in an oven at 55°C for two days.
Density as well as stress-dependent dry velocity data for 41 1.5inch-diameter vertical core plugs of variable lengths from one vertical well and three deviated wells from the same field are also studied for stress dependency of α. Data of these core samples are obtained from the Valhall operators. They were collected at hydrostatic confined stress condition between 2 and 35 MPa.
Drying of a sample could have an impact on effective stress coefficient as stiffness of a sedimentary rock can be influenced by the pore fluid . Andreassen and Fabricius (2010) show that failure in a rock occurs at lower stresses if it is saturated with fluids having lower kinematic viscosity. As air has higher kinematic viscosity (approximately 15 × 10 −6 m 2 ∕s) than brine (approximately 1.2 × 10 −6 m 2 ∕s), dry (air saturated) rock will behave stronger than brine-saturated rocks. The fluid effect on the strength of rocks can be characterized by Biot's (1956) critical frequency, f c ¼ ðφηÞ∕ð2πρ fl kÞ, which is calculated from porosity (φ), liquid permeability (k), fluid density (ρ fl ) and viscosity (η). The higher the critical frequency, the stronger is the rock (Andreassen and Fabricius, 2010) . The effect is more prominent in low-permeability rocks, such as chalk, as fluid flow is strongly affected by the specific Table 2 . Vertical chalk samples from Valhall field; length (l), diameter (d), porosity (ϕ), gas permeability (k g ), compressional velocity (V P ), and shear velocity (V S ). Velocity is measured at dry condition in the vertical direction applying 3 MPa axial stress.
6AT4-3 13.2 24.9 32 1.1 81 3.12 1.95 6AT4-5 18.9 24.9 40 3.5 93 2.30 1.45
Effective stress coefficient of chalk L3 surface due to smaller effective pore radius . However, to avoid further complications, we consider air-saturated rocks as dry rocks.
METHODS
In the present study, we derive n for 1D deformation from the original definition of Biot (1941) . We further set up experiments for determining the stress-dependent static effective stress coefficient n from a 1D stress condition. In addition, we calculate the dynamic effective stress coefficient α from density and sonic velocities measured on core plugs. We compare n and α for chalks from two porosity groups; 30% and 40%. We then present a model based on the isoframe model (Fabricius, 2003) to illustrate the relationship between porosity and effective stress coefficient as a function of grain contact cement.
Characterization
Porosity is determined with a helium porosimeter. Gas permeability (k g ) is measured by flowing nitrogen gas through the samples inside a Hassler-type core holder. The carbonate content in the samples is determined by HCl dissolution followed by titration with NaOH. The minerals in the rock are determined by X-ray diffraction (XRD). Polished thin sections are prepared from epoxyimpregnated side trims and backscatter-electron (BSE) images are recorded by a JEOL JSM 5900 LV electronic microscope at 1280 × 960 pixels resolution on a 42.0 × 31.5 μm area to identify the texture, according to Dunham's classification (Dunham, 1962) .
Model based on grain contact cement
We use the isoframe model (Fabricius, 2003) to quantify the amount of resistance pore fluid can offer against the overburden stress in a cemented rock frame. Isoframe modeling is a mixing procedure that allows the determination of a theoretical modulus, using an upper Hashin-Strikman bound (Hashin and Shtrikman, 1963) for mixing of a solid frame and a suspension. By changing the isoframe value (IF), the theoretical compressional modulus is set equal to the actual compressional modulus derived from compressional velocity data. A higher isoframe value indicates a higher degree of grain-to-grain surface contact due to, e.g., grain contact cementation. This makes the effective stress coefficient lower.
Dynamic effective stress coefficient α
The dynamic effective stress coefficient α is calculated by using equation 2 and equation 3, considering K 0 as the bulk modulus of pure calcite (Mavko et al., 2009 ). Sonic velocity is measured by an ultrasonic pulse transmission method in dry samples up to 4 MPa hydrostatic pressure. The pulse is generated in a spike generator and transformed with a set of transducers to P-and S-waves with a center frequency at 0.7 MHz. The signal is recorded from an oscilloscope, and velocity is determined from "first break" for the P-wave and "first zero crossing" for the S-wave.
Ideally, sonic measurement should be taken at uniaxial condition (as we did for static measurement). However, due to the limitation of the equipment as well as to be able to compare with a larger data set from the Valhall operator, we use the hydrostatic stress condition for the sonic measurements during our own laboratory tests. Because we use the same sample for static measurement, velocity data is not collected above 4 MPa to avoid damage to the sample. We expect that the stress dependency of the dynamic parameter above 4 MPa is negligible when compared with the static parameter.
Static effective stress coefficient n
During mechanical loading, n is determined based on Biot's (1941) general theory of 3D consolidation. We derive the equation for n under uniaxially confined stress conditions (Appendix A):
(4)
where e a is the axial strain in a 1D deformation, P p is the pore pressure and σ d is the differential stress. This equation is in accordance with the theoretical derivation of Todd and Simmons (1972) and as exemplified in the experimental data of Christensen and Wang (1985) for a hydrostatically confined system.
Translation of hydrostatic stress into equivalent uniaxial stress
Static measurements are done at uniaxially confined stress condition and the dynamic measurements are done at hydrostatic stress condition. In addition, a larger data set obtained from the Valhall operator are measured at hydrostatic condition. Therefore, we calculate equivalent uniaxial stress σ a for the hydrostatic measurements by using a translation factor, as explained by Teeuw (1971) :
where σ is the hydrostatic stress. Poisson's ratio ν is calculated from compressional velocity, V P and shear velocity, V S as Teeuw's (1971) derivation assumes that the rock is isotropic, and therefore, the horizontal stresses in the reservoir are equal to one another. It also assumes a constant Poisson's ratio. It should be noted that Nieto et al. (1990) claim that Teeuw's assumptions yield horizontal stresses which are only a lower limit. In addition, Andersen (1988) shows that for a North Sea sandstone, Poisson's ratio increases from 0.22 to 0.30 between 0 and 55 MPa hydrostatic stress condition.
EXPERIMENTAL SETUP
An experimental setup is designed so that the required conditions on which equation 4 is derived can be fulfilled (Figure 1) . The setup consists of a thick-walled steel cell so that radial strain may be neglected and strain can be calculated from the axial deformation e a only. Axial stress σ a and pore pressure P p are controlled by a valve system so that (∂e a ∕∂P p ) at constant differential stress (σ a − P p ) as well as (∂e a ∕∂σ d ) at constant pore pressure can be measured. A constant stress rate of 2.78 kPa∕s (10 MPa∕h) is used during loading and unloading. The theoretical strain-stress relationship is illustrated in Figure 2 . The axial deformation is measured by external high-accuracy linear variable differential transformers (LVDTs) and the load frame positioning system. The axial deformation measured by the load frame is corrected for the systems selfdeflection (virtual infinite stiffness [VIS] correction).
Possible effects from bedding and microcracks are minimized by repeated initial loading to a stress state that closely mimics the in situ conditions of the reservoir rocks. Vertical stress and strain in the reservoir are equivalent to axial stress and strain in the laboratory because the experiments are conducted on vertically oriented core plugs. The axial stress σ a and pore pressure P p for the tests were designed to mimic the reservoir stress condition in Valhall field. We use 5 MPa differential stress at the beginning of the test, which represents the initial differential overburden stress condition in Valhall (Table 1) . This condition is obtained by applying 50 MPa axial stress and 45 MPa pore pressure. The pore pressure is then reduced to 25 MPa, which is equal to the hydrostatic pressure of the Valhall field reservoir zone. This causes the differential stress to increase to 25 MPa. It is anticipated that pore pressure could reach this minimum value due to production.
The method is sensitive to a perfect radial contact between the test cell and the sample. If the contact is not perfect, then errors in strain measurements will occur as a result of induced radial strain, such that the true volumetric strain will not be measured from the LVDT reading. Furthermore, the two end surfaces of the sample should be exactly parallel and must fit perfectly with the piston and bottom porous plate. However, by following proper experimental procedure it is possible to overcome these problems.
Core samples are plugged (AE0.05 mm) to match the inside diameter of the cell, so that the sample would fit perfectly (no peripheral flow between the cell and the sample) inside the cell during saturation. Samples are dried at 60°C for 48 hours and then placed for 24 hours at ambient temperature before placing them in the test cell. The test cell with the sample is then placed in the load frame and saturated with isopar oil. The volume of the chalk should increase a bit as it sucks oil into the pore space. As axial deformation is restricted by placing the top piston in fixed position the only possible deformation will occur in radial direction. If the sample fits perfectly into the cell, radial deformation will also be restricted and it will show a small increase in pore pressure as it sucks oil during the saturation process. The tests are completed in the following steps (Figure 3) . 1) Axial stress σ a is increased to 2 MPa keeping the pore pressure, P p at atmospheric. 2) By applying vacuum for 30 minutes, air is sucked out of the system. 3) Saturating under atmospheric pressure for 24 hours with laboratory Isopar-L oil having viscosity 0.00141 Pa (1.41 cP) and density 0.765 g∕cm 3 . 4) While keeping P p ¼ 0, σ a is increased to 9 MPa in an alternating loading-unloading-reloading manner to minimize the bedding effect. No confining stress is applied apart from the walls of the steel cell. The orthogonal component of the axial stress produces strain in radial direction, so that any gap between the test cell and the sample's peripheral surface is eliminated. 5) Test for no peripheral flow at 1, 2, 4 MPa pore pressure. 6) Axial stress σ a and pore pressure P p are increased simultaneously to 25 and 20 MPa, respectively. 7) While maintaining at constant differential pressure of 5 MPa, σ a and P p are increased simultaneously to 50 and 45 MPa, respectively. The stress is applied in cycles of 10 MPa loading and 5 MPa unloading to reduce further bedding effect. 8) Pore pressure P p is decreased to 25 MPa at constant σ a of 50 MPa. 9) While unloading at constant P p of 25 MPa, σ a is decreased from 50 to 30 MPa. 10) While reloading at constant P p of 25 MPa, σ a is increased from 30 to 50 MPa. 11) Unloading of pore pressure and σ a to atmospheric pressure.
Steps 7, 9, and 10 are used for calculation of n (equation 4, Figure 4 ).
Step 9 and 10 are followed to include the effect on n of waterflooding (axial stress decrease) and oil production (axial stress increase), respectively.
ð∂e a ∕∂σ p Þ σ d is calculated from the tangent of the strain-stress curve under loading at constant differential pressure (Figure 4, step  7) . Because the deformation is small and the trend is linear, we assume a common tangent from 5 to 25 MPa differential stress (Figure 4) .
ð∂e a ∕∂σ d Þ P p is calculated from unloading (Figure 3 , 4; step 9) and loading curve under constant pore pressure (25 MPa) (Figure 3, 4; step 10 ). In this case, tangents are drawn at one MPa stress intervals because the stress-strain curve is nonlinear under these conditions (Figure 4) . Figure 2 . Conceptual strain under stress during loading at constant differential stress, P d ¼ ðσ a − P p Þ, and during loading at constant pore pressure, P p . The coefficient n was calculated from the slopes of the curves (equation 4). Figure 1 . Schematic of the experimental setup for determination of static effective stress coefficient, n, using a steel walled compaction rig. V and G indicate valves and pressure gauge, respectively.
Effective stress coefficient of chalk L5
The theory used for calculating the static effective stress coefficient assumes that there is no elastic hysteresis. This is only possible if the rock is perfectly elastic, which is rare in nature. To address the change in elasticity, the stress gradient is measured for very small (1 MPa) stress intervals. On this scale, the hysteresis is so small that it can be neglected.
RESULTS

Characterization
The two studied samples are notably different in porosity, permeability, and mineralogy (Table 2 ). Sample 6AT4-3 is used as a representative for 30% porosity chalk and sample 6AT4-5 is used as a representative for 40% porosity chalk from the Valhall field. The studied chalk is classified as mudstone according to Dunham (1962) classification ( Figure 5 ). Sample 6AT4-5 has fairly pure calcite mineralogy (93% CaCO 3 ), whereas, sample 6AT4-3 contains a significant amount of noncarbonate (81% CaCO 3 ). The noncarbonate fraction in sample 6AT4-3 comprises quartz and kaolinite. Sample 6AT4-5 contains illite in addition to quartz and kaolinite.
Deformation and porosity change in static test
Both samples deform considerably during the course of the test (Figure 3 ). Apparently the low-porosity (32%) sample (6AT4-3) gets more permanent strain (3.5% ≈ 0.04 mm, Figure 3d ) than the high-porosity (40%) sample's (6AT4-5) permanent strain Figure 3 . Strain-stress curve produced from the mechanical test as plotted in terms of axial stress, pore pressure, and differential (axial-pore) stress for (a-c) a 40% porosity and 3.5 mD sample and (d-f) a 32% porosity and 1.1 mD sample. Steps indicated by number are described in the text. Step 7 is used for the calculation of ð∂e a ∕∂σ d Þ P p .
Step 9 is used for the calculation of ð∂e a ∕∂σ p Þ σ d for unloading and step 10 for the calculation of ð∂e a ∕∂σ p Þ σ d for loading. L6 Alam et al.
(2.9% ≈ 0.03 mm, Figure 3a ). It may be due to the higher amount of noncarbonate content in sample 6AT4-3. Distribution of the noncarbonate fraction inside the calcite frame may inhibit the growth of grain contact cement between calcite grains, which makes this chalk softer. However, most of the porosity reduction takes place during the application of initial stress applied for removing bedding effect.
The strain obtained during steps 7, 9, and 10, from which static effective stress coefficient is measured is fairly elastic for both samples (Figure 4) . During the constant differential stress loading (step 7), sample 6AT4-3 compresses 0.0004 mm and sample 6AT4-5 compresses 0.0008 mm. Although differential stress is constant during this step, pore pressure increases and samples are strained slightly. If creep can be disregarded during this elastic strain, an increasing effective stress may be inferred, which would indicate a decreasing coefficient n during pore pressure buildup.
During constant pore pressure unloading (step 9), the samples 6AT4-3 and 6AT4-5 rebound by 0.004 and 0.003 mm, respectively. However, loading phase, step 10, following the unloading phase, step 9, compresses samples 6AT4-3 and 6AT4-5 by 0.004 and 0.004 mm, respectively, when the axial stress increased to 50 MPa. It is noted that the amount of deformation during the unloading phase (step 9) and the loading phase (step 10) almost equals out. It indicates that the deformation is reversible and elastic under the applied stress conditions. The elastic strain during steps 9 and 10 corresponds to a 0.2% and 0.5% porosity in samples 6AT4-3 and 6AT4-5, respectively.
Variation of α under stress
The large sonic velocity data set from the Valhall field shows a significant variation in dynamic effective stress coefficient, α, in a broad stress interval ( Figure 6 ). The change in α is larger for highporosity chalk than for lower porosity chalk. For 40% porosity Valhall chalk the average value of α at atmospheric stress condition is 0.93, which decreases to 0.88 when 35 MPa hydrostatic stress (20 MPa equivalent uniaxial differential stress) is applied. For 10% porosity chalk it changes from 0.69 to 0.66 in the same stress range.
Variation of n under stress
The effective stress coefficient, n, varies during a loading or unloading operation (Figure 7) . In a mechanical loading cycle, n increases with the increment of differential stress. By contrast, n also increases with the withdrawal of load in an unloading cycle. The low-porosity sample 6AT4-3 ( Figure 7a ) shows smaller variation than the high-porosity sample 6AT4-5 (Figure 7b ). Upper bound for n for 6AT4-3 is 0.95, and the upper bound n for sample 6AT4-5 is 0.97, in the 5to-25-MPa differential stress interval. The lower bound for 6AT4-3 and 6AT4-5 samples are 0.85 and 0.83, respectively, in the same stress in same stress interval. Figure 6 . Dynamic effective stress coefficient α calculated from velocity data measured in dry chalk core plugs from Valhall field. Porosity of the samples varies between 10% and 40% as indicated by colors. Equivalent uniaxial differential stress for the hydrostatic stress measurement is calculated by equation 5. The coefficient α shows dependency on the confining stress. For the same porosity, α decreases with increasing stress. Variation of α with stress is higher in the high-porosity samples. The rate of decrease of α decreases for differential stress above 12 MPa. The dynamic effective stress coefficient α for the same sample is indicated by the stars. Equivalent uniaxial differential stress for the hydrostatic stress measurement is calculated by equation 6. The shaded region is the expected range of α for respective porosity group (based on data presented in Figure 5 ).
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The variations with stress of n and α for the studied samples are shown in Figure 7 . We made a prediction of stress dependent α for each porosity group from the distribution in the large data set ( Figure 6 ) as indicated by the shaded region in Figure 7 .
DISCUSSION
Behavior of α
The dynamic effective stress coefficient of chalk is in several papers described as a function of porosity only (e.g., Krief et al., 1990; Engstrøm, 1992) . However, this kind of relationship may not fully represent the behavior of α. Our results indicate that α is not (only) a porosity-dependent coefficient. Laboratory (dynamic) measurements demonstrate that in the range of 20 MPa, differential stress α can vary up to 10% ( Figure 6 ) for high-porosity reservoir chalk from Valhall. This observation is in accordance with Gommesen et al. (2007) . They find α as a positive function of porosity with gradient defined by the cementation between grains contacts.
The variation of α can be illustrated by means of effective medium model (Fabricius, 2003) . It indicates that it is possible to have a range in α for the same porosity depending on the fraction of mineral in the solid frame ( Figure 8 ). For chalk of constant porosity, α decreases as the cementation increases (Olsen et al., 2008b) . The degree of cementation is indicated by the isoframe values ( Figure 8 ). For poorly cemented rocks (low isoframe value), α does not change significantly with porosity and remains close to unity, whereas for strongly cemented rocks, α decreases rapidly with decreasing porosity ( Figure 8 ). The influence of cementation is more significant in the low-porosity chalk. A 20% porosity chalk may have a α ranging between 0.60 and 0.92, depending on the cementation, whereas for 40% porosity chalk, the variation may be less than 0.1 (Figure 8 ). This observation is in accordance with Alam et al. (2010) : they show that during the diagenesis process of deep sea carbonate ooze, α does not decrease with porosity unless cementation between the grain contacts starts to develop.
Contact cement precipitation between the grains depends on the diagenetic process of the chalk which in turn impacts on the value of the effective stress coefficient (Alam et al., 2010) . Presence of fine clay may reduce the calcite-to-calcite grain contacts and consequently, the contact cement. This makes the frame weaker and α increases. However, increases in stress may result in elastic deformation of the grains and contact cement and therefore increasing the area of the grain contact. Consequently, the effective stress coefficient decreases.
Behavior of n
Laboratory (static) measurements in this project indicate that n may change more than 10% for a probably insignificant porosity change of 0.5% (Figure 7) .
The test results show that n increases significantly during the unloading cycle. This behavior is similar to that of α. During the first part of the unloading of the higher porosity sample, the static effective stress coefficient n has lower value than the possible range of dynamic effective stress coefficient α (Figure 7b ). This could be because the unloading cycle is preceded by a rapid decrease in pore pressure (step 8), which would have increased the effective stress and expanded grain contact area. During the unloading process the grains tend to restore their original shape, thus contact area among the grains reduces and n increases. In addition, contact cement between the grains could break during this process as the cement develops during diagenesis when the grains are already strained, so that the cement is strained when the grains are relaxed and vice versa.
There is a sudden drop in n when the direction of stress changes from unloading to loading. It could happen due to the rapid reversal of loading direction. The system could take some time to equilibrate and the stress state to be the same in the entire sample. However, this behavior is not fully understood. The coefficient n increases during the loading cycle (step 10). This behavior is opposite to the trend of α, and is unexpected. One possible reason for this increase in n is that the increment of axial stress could break some of the contact cement between the grains (irreversible deformation). This decreases the amount of grain to grain contact. By breaking the contact cement, the fraction of grain in suspension increases and isoframe value decreases (Figure 8) . Thus, the load bearing capacity of the solid skeleton decreases and n increases.
CONCLUSION
The dynamic effective stress coefficient, α as calculated from sonic data is not a constant value for chalk and ranges between 0.80 and 0.95 for the studied samples from the Valhall field. Our mechanical tests indicate that α predicts the static effective stress coefficient, n, well for chalk with porosity near 30%, and acceptably for chalk with porosity near 40%. Because it is evident that dynamic and static effective stress coefficients are less than one, the effective stress will always be higher than the differential stress.
For rapid change in stress, it may be more relevant to use the effective stress coefficient n derived from mechanical tests rather than α. Our results indicate that for Valhall chalk, n would increase as the reservoir depletes. Our results indicate that n could increase also during waterflooding due to the increase in pore pressure.
In the Valhall field, reservoir compaction and stress history of the rock are monitored by 4D seismic. The stress induced changes in velocity measured during 4D seismic monitoring include porosity and compressibility alteration. The findings of this project may be Figure 8. Theoretical bounds for effective stress coefficient together with isoframe curves for a calcite (bulk modulus 75 GPa) and brine (bulk modulus 2.40 GPa) system. Reuss (1929) gives softest and Voigt (1910) gives stiffest bounds of a fluid-solid system. The coefficient α calculated from core data sorted according to hydrostatic stress of the measurement (as indicated by color code). Equivalent uniaxial differential stress is given in the parenthesis. The effective stress coefficient n calculated from mechanical tests (black circles) shows good agreement with α. Variation of n during a static test is indicated by the black bold vertical line through the data point. used to analyze the stress induced mechanical changes in the rocks due to pore pressure changes, which could assist in better understanding of 4D seismic response.
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APPENDIX A
DERIVATION OF EFFECTIVE STRESS COEFFICIENT UNDER UNIAXIAL STRESS
Let us consider σ x , σ y , and σ z as the normal stress components parallel with the x, y, and z coordinate axes, respectively, and the corresponding shear stress component as τ x , τ y , and τ z . Deformation corresponding to the stress components σ x , σ y , σ z , τ x , τ y , and τ z are e x , e y , e z , γ x , γ y , and γ z , respectively. Additionally, in a rock filled with pore fluid, θ is the increment in porosity due to an increment in fluid pressure P p .
Let us consider a uniaxial system in compression, for which σ x ¼ σ y ¼ þσ r and σ z ¼ þσ a .
According to Terzaghi (1923) , pore fluid pressure P p will act in the opposite direction of the principal stresses σ x , σ y , and σ z , hence, deformation equations as expressed by Biot (1941, equation 2.4 ) become
where E is the Young's Modulus and H is a physical constant defined by Biot (1941) as a measure of the modulus of the rock for a change in pore pressure.
Here, we consider negative sign for compression, which changes the signs of the original derivation of Biot (1941) . Biot (1941) made the basic derivation based on tensile forces and described how to use these equations for rocks, in which the stress is compressive, and he changed the sign in Section 3 of his paper (Biot, 1941) .
The radial component of the compressive force creates tensile stress in the axial direction. Therefore, the strain component in the axial direction due to the radial stress has opposite (positive) sign of the strain component due to the axial stress (equation A-1).
For uniaxial systems where radial deformation is constrained, we get e x ¼ e y ¼ e r ¼ 0 and e z ¼ e a (A-2) As defined by Biot (1941) , 2ð1þνÞ 3ð1−2νÞ μ H ¼ α is the effective stress coefficient for 3D consolidation. This would indicate that α is the same for 3D and confined uniaxial deformation. For uniaxial deformation under static condition, we denote this coefficient as n, therefore σ a ¼ Me a þ nP p :
(A-7)
Differentiating equation A-7 with respect to differential stress when pore pressure is constant
Differentiating equation A-7 with respect to pore pressure when differential stress is constant ∂e a ∂P p
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